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In ultraviolet-induced tanning, the protein levels of
various gene products critical for pigmentation
(including tyrosinase and tyrosinase-related protein-
1) are increased in response to ultraviolet B irradi-
ation, but changes in mRNA levels of these factors
have not been investigated in vivo. We have estab-
lished an in situ hybridization technique to investi-
gate mRNA levels of pro-opiomelanocortin,
tyrosinase, tyrosinase-related protein-1, dopachrome
tautomerase, P-protein, Pmel-17/gp100, and
microphthalmia-associated transcription factor, and
have analyzed the changes in mRNA levels in the
ultraviolet B-exposed skin in vivo. The right or left
forearm of each volunteer was irradiated
with ultraviolet B, and skin biopsies were obtained at
2 and 5 d postirradiation. mRNA level of pro-
opiomelanocortin was increased 2 d after ultraviolet
B irradiation, and returned to a near-basal level after
5 d, whereas the mRNA levels of tyrosinase,
tyrosinase-related protein-1, dopachrome tautomer-
ase, P-protein, and Pmel-17/gp100 showed some or
no increase at 2 d, but were signi®cantly increased
5 d after ultraviolet B irradiation. Microphthalmia-
associated transcription factor mRNA was slightly
increased on days 2 and 5 after ultraviolet B irradi-
ation. Our results suggest that the mechanism of the
tanning response of human skin may involve the
transcriptional regulation of certain pigmentary
genes, and that pro-opiomelanocortin-derived
melanocortins such as a-melanocyte-stimulating
hormone and adrenocorticotropic hormone may
play a part in regulating these genes in vivo. Key
words: in situ hybridization/melanocyte/pro-opiomelano-
cortin/tanning. J Invest Dermatol 118:73±78, 2002
I
t is well known that skin darkening due to melanin
deposition, with an increase of tyrosinase activity, appears 3
or 4 d after ultraviolet (UV) B irradiation (Fitzpatrick, 1965;
Fitzpatrick et al, 1967; Quevedo et al, 1975; Gilchrest et al,
1979; Pathak et al, 1980; Nordlund et al, 1981). With the
development of culture techniques for normal human melanocytes
and the recent progress of molecular biology, it has been shown
that a-melanocyte-stimulating hormone (a-MSH) may play a part
in UVB-induced pigmentation in human skin (Chakraborty et al,
1995). Im et al (1998) reported that UVB can directly stimulate
melanization in cultured normal human melanocytes only in the
presence of a-MSH or other cyclic adenosine monophosphate
inducers in the growth medium. Furthermore, Valverde et al (1995)
reported that loss-of-function mutations in melanocortin
receptor-1 (MC1R) in humans are associated with poor tanning
ability, further emphasizing the importance of melanocortins in
UVB-induced pigmentation. Melanocortins [(a-MSH, b-MSH, g-
MSH, and adrenocorticotropic hormone (ACTH)] are a group of
hormones that originate from a common precursor, pro-opiome-
lanocortin (POMC) (Rubinstein et al, 1978; Liotta et al, 1980). We
showed that ACTH, a-MSH, and b-MSH, but not g-MSH,
increase melanogenesis and proliferation of normal human
melanocytes by binding to the common receptor MC1R (Suzuki
et al, 1996). a-MSH and ACTH have the highest af®nity for
MC1R and the greatest effect on melanogenesis and proliferation.
This, and the observation that both melanocortins are expressed in
the skin in vivo (Wakamatsu et al, 1997), suggest that they play a part
as paracrine regulators of human melanocytes. In cultured normal
human melanocytes, a-MSH and ACTH greatly increase tyrosi-
nase activity in situ, yet cause only small increases in the protein
levels of tyrosinase, tyrosinase-related protein (TYRP) 1, and
dopachrome tautomerase (DCT), with no change in the mRNA
levels of these melanogenic enzymes (Abdel-Malek et al, 1995). In
human skin, the protein levels of tyrosinase and TYRP1 are
increased following UVB irradiation (Virador et al 2001); however,
it is not known whether or not this is due to the increase of
tyrosinase and TYRP1 mRNA.
In this study, we established an in situ hybridization technique for
mRNA of various gene products critical for pigmentation and then
determined the mRNA levels of POMC as well as tyrosinase,
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TYRP1, DCT, Pmel-17/gp100 (Pmel-17), P-protein, and micro-
phthalmia-associated transcription factor (MITF) by in situ
hybridization in control and UVB-irradiated human skin.
MATERIALS AND METHODS
Skin biopsies Eight healthy male volunteers of oriental origin (age
range, 25±38 y) were recruited for this study. The right or left forearm
(area of 1.5 cm 3 1.5 cm) of each volunteer was irradiated with UVB
(equivalent to 2 minimum erythema dose; 101.2±193.2 mJ per cm2) (FL
20 SE30 lamp, Toshiba, Tokyo, Japan) 2 and 5 d prior to the skin
biopsy. Skin punch biopsies (6 mm) were obtained from the boundary of
the UVB-irradiated region and unirradiated region so that each cross-
sectional sample contained both control (unirradiated) and irradiated
regions (two biopsies from each volunteer). The samples were ®xed in
10% formalin neutral buffer solution, pH 7.4 (062-01661 WAKO,
Osaka, Japan) for one night and embedded in paraf®n. All procedures
involving human subjects received prior approval from both the
University of Nagoya Ethical Committee and the POLA Chemical
Industries Ethical Committee, and all subjects provided written informed
consent.
Probes Probes that were used in this study were tyrosinase (374-2254,
M38297), TYRP1 (63-2065, X51420), DCT (365-2133, D17547),
Pmel-17 (168-1953, M77348), P-protein (1151-2832, M99564), MITF
(60-1717, Z29678), and POMC (170-843, M38297) (parentheses show
the cDNA fragments that were used as probes and the accession numbers
of the sequences). Complementary DNA fragments of these genes were
ampli®ed from total RNA isolated from normal human melanocytes
(tyrosinase, TYRP1, DCT, Pmel-17, and P-protein) or from a human
pituitary cDNA library (POMC) (9510, Takara, Tokyo, Japan) by
reverse transcription±polymerase chain reaction. Ampli®ed fragments
were inserted into PCR-II vector (Invitrogen, CA, USA). Digoxigenin-
labeled cRNA probes for in situ hybridization were produced using a
digoxigenin RNA labeling kit (1175 025, Roche Diagnostics,
Mannheim, Germany). Produced cRNA probes were shortened to about
130 bp by alkaline treatment.
In situ hybridization In situ hybridization was carried out according to
a protocol provided by WAKO (Tokyo, Japan) with minor
modi®cations. Most of the reagents used were included in In situ
Hybridization Reagents (316-01951, WAKO, Tokyo, Japan). The
modi®ed protocol is described brie¯y below.
Cross-sectional samples (thickness of 4 mm) were cut from paraf®n-
embedded skin samples. The samples were washed three times in xylene
for 5 min, and three times with 100% ethanol for 5 min, then washed in
90, 80, 70, and 50% ethanol (5 min each), and left in phosphate-buffered
saline for 10 min. They were treated with proteinase K (5 mg per ml in
phosphate-buffered saline) for 10±30 min at 37°C, and washed in glycine
solution (2 mg per ml glycine in phosphate-buffered saline, WAKO,
Osaka, Japan) for 10 min, then twice in phosphate-buffered saline for
3 min. Next they were each placed in 200 ml of acetylation buffer (315-
02761, WAKO, Osaka, Japan), and 500 ml of acetic anhydride was
slowly added. The mixture was incubated for 15 min with continuous
agitation. They were then washed twice in 4 3 sodium citrate/chloride
buffer (319-02781, WAKO, Osaka, Japan) for 10 min, and incubated in
prewarmed prehybridization solution (2 3 sodium citrate/chloride buf-
fer, 50% deionized formamide, at 43°C) for more than 30 min. Excess
prehybridization solution was wiped off, hybridization solution (316-
02791, WAKO, Osaka, Japan) containing labeled cRNA probes (1 ng
per ml) was placed on the samples, and incubation was conducted
overnight at 43°C. The samples were washed in prewarmed prehybridi-
zation solution three times for 20 min at 43°C. After the incubation in
prewarmed NTE buffer (316-02811, WAKO, Osaka, Japan) for 5 min at
37°C, the samples were treated with prewarmed RNase A solution
(20 mg per ml in NTE buffer) for 30 min at 37°C, then returned to
NTE buffer, and incubated for 3 min at 37°C. They were washed in
prewarmed 0.1 3 sodium citrate/chloride buffer three times for 20 min
at 43°C, and then washed once in Buffer 1 (0.1 M Tris±HCl pH 7.5,
0.15 M NaCl) for 1 min. Blocking solution [5% blocking agent
(1175 041, Roche) in Buffer 1] was placed on the samples, and
incubation was continued for about 30 min. The samples were washed
with Buffer 1 for 1 min, the samples were treated with anti-digoxigenin±
alkaline phosphatase conjugate (1175 041, Roche) (diluted to 1/500 in
Buffer 1 with 1% blocking agent and 0.075% Brij 35) for 1 h. They
were washed with Buffer 1 with 0.075% Brij35 three times for 10 min
and incubated in Buffer 1 for 5 min. Then they were washed with
Buffer 3 (0.1 M Tris±HCl pH 9.5, 0.1 M NaCl, 0.05 M MgCl2) for
3 min, substrate solution [1/20 diluted solution of NBT/BCIP stock
solution (1175 041, Roche) in Buffer 3] was placed on the samples and
incubation was conducted overnight at room temperature. They were
then washed with TE buffer (10 mM Tris±HCl pH 8.0, 1 mM
ethylenediamine tetraacetic acid) to stop the reaction. For less abundant
mRNA (P-protein and MITF) the GenPoint System (K0620, DAKO,
CA, USA) was used for the detection step according to the manufactur-
er's instructions.
In both methods (WAKO, Osaka, Japan and DAKO, CA, USA),
RNA stained violet and could be easily distinguished from brownish
melanin.
RESULTS
In situ hybridization of UVB-irradiated skin Anti-sense
RNA probes for tyrosinase, TYRP1, DCT, Pmel-17, MITF, and
P-protein reacted with cells in the basal layer of the epidermis
(Figs 1 and 2), corresponding to the distribution of melanocytes,
whereas the sense RNA probe for tyrosinase gave no signal (data
not shown). The anti-sense RNA probe for POMC reacted with
epidermal keratinocytes as well as dermal cells (Figs 1 and 2). This
signal disappeared when the section was coincubated with an excess
of cold anti-sense POMC RNA, but not with an excess of cold
anti-sense Pmel-17 RNA (Fig 1).
Messenger RNA levels of tyrosinase, TYRP1, DCT, P-protein,
and Pmel-17 were signi®cantly increased 5 d after UVB irradiation
(Fig 2), but the increases were not as dramatic at 2 d after UVB
irradiation (Fig 1). On the other hand, POMC mRNA level was
signi®cantly increased 2 d after UVB irradiation (Fig 1A), and
returned to near normal by 5 d (Fig 2A). MITF mRNA was
slightly increased both 2 and 5 d after UVB irradiation (Figs 1G
and 2G).
The results of preliminary statistical analyses of the numbers
of positive cells per unit length of basal layer were consistent
with the visual observation (Fig 3). It is important to note that
an increase in the number of positive cells does not necessarily
represent proliferation of melanocytes. It may mean that there
are melanocytes that produce enough mRNA to be detected by
our method only after UV irradiation. It should also be
mentioned that, by visual observation, both the number of
positive cells per unit length of basal layer and the intensity per
cell are increased.
DISCUSSION
In this study of in situ hybridization of mRNA, we demonstrated
for the ®rst time that mRNA levels of POMC, tyrosinase, TYRP1,
DCT, P-protein, Pmel-17, and MITF increase in the human
epidermis in response to UVB exposure. Our data suggest that
transcriptional regulation plays an important part in UVB-induced
melanogenesis.
As cultured human keratinocytes express POMC, and its
production increases in response to UVB irradiation (Schauer et
al, 1994; Chakraborty et al, 1996; Wintzen et al, 1996), it is
suggested that keratinocytes are the source of melanocortins
in¯uencing human skin. Here, we have demonstrated for the ®rst
time that keratinocytes express POMC mRNA in vivo, and the
expression increases in response to UVB radiation (Fig 1A). This is
consistent with the ®ndings of Wakamatsu et al (1997).
The increase in POMC mRNA level after UVB irradiation
preceded the peak increases of mRNA of other genes except MITF
mRNA, which was slightly increased at 2 d and remained at almost
the same level at 5 d after UVB irradiation (Figs 1±3). This may
suggest that increased POMC levels regulate mRNA levels of the
melanogenesis-associated genes. As there were no detectable
changes in tyrosinase, TYRP1, or DCT mRNA in cultured
normal human melanocytes following a-MSH treatment (Abdel-
Malek et al, 1995), the increase in tyrosinase, TYRP1 and DCT
mRNA in UVB-irradiated skin may be due to the production of
other melanogenic stimulators in the skin in response to UVB
(Abdel-Malek, 1998); however, as cotransfection experiments
showed that MITF has the ability to activate promoters for
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Figure 1. Comparison of the mRNA levels
of a panel of melanogenesis-related genes in
human skin, as detected by in situ
hybridization 2 d after UVB irradiation. Left
and right panels represent unirradiated controls
and UVB-irradiated samples, respectively. Skin
sections were hybridized with speci®c probes as
indicated. POMC*+ POMC represents a sample
stained with labeled anti-sense POMC probe and
cold POMC probe. POMC*+ Pmel-17 represents
a sample stained with labeled anti-sense POMC
and cold Pmel-17 probe.
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Figure 2. Comparison of the mRNA levels
of a panel of melanogenesis-related genes in
human skin, as detected by in situ
hybridization 5 d after UVB irradiation. Left
and right panels represent unirradiated controls
and UVB-irradiated samples, respectively. Skin
sections were hybridized with speci®c probes as
indicated.
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tyrosinase and TYRP1 (Yasumoto et al, 1997), and MITF mRNA
levels are increased by a-MSH in cultured normal human
melanocytes, it is possible that the mRNA levels of those enzymes
are under the control of a-MSH in vivo. Our results, together with
the association of loss-of-function mutations in MC1R with poor
tanning ability, suggest that a-MSH plays a pivotal role in UVB-
induced pigmentation. The regulatory role of a-MSH in UVB-
induced pigmentation could be further clari®ed by conducting
similar experiments on individuals with nonfunctional MC1R.
The results of preliminary statistical analyses of the numbers of
positive cells per unit length of the basal layer were consistent with
the visual observation (Fig 3); however, it is not clear if the
number of melanocytes is increased by these doses of UVB
irradiation, as in situ hybridization only detects cells that produce
more than a certain amount of target mRNA. By visual observa-
tion, both the numbers of positive cells and the intensity were
increased. Considering that UVB increases POMC expression in
keratinocytes and that melanocortins have the ability to stimulate
cellular proliferation of cultured normal human melanocytes, it is
not unreasonable to think that UVB stimulates both cellular
proliferation of melanocytes and transcription of melanogenic
genes. Furthermore, if technical problems could be solved, it would
be interesting to perform immunohistochemistry/in situ hybridiza-
tion double staining using an antibody speci®c for melanocytes to
see if there are melanocytes that are negative for mRNA of certain
melanogenic genes.
In conclusion, our results suggest that the tanning response of
human skin is regulated at the mRNA level, and that POMC-
derived melanocortins, such as a-MSH and ACTH, may be key
factors in the transcriptional regulation of these genes in vivo.
We would like to thank Dr. Zalfa Abdel-Malek for critical reading of the
manuscript.
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